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S»H nr t ?, L° D T denSity "POP"**! (LDL) receptor- 
related protein (LRP) are two large members of the LDL 
The mo, T bfnd endoc Vtose multiple ligands 
The molecular and cellular determinants that dictate the 
sorting behavior of these receptors in polarized epithe ia! 
ce«s are largely unknown. Mega.in is found apical y d s 
tributed, whereas the limited information on LRP indi- 
cates ,ts polarity. We show here that in Madin Darby 
canine kidney cells, both endogenous LRP and a m n" 
receptor containing the fourth ligand-binding, transmem- 
sXdTn cont r° SOliC d ° mainS — "asolatTrany 

exc"u S ive.t in th ' T^ 9 *"™* ™9*<" was found 
exclus.vely ,n the ap.cal membrane. Studies were also 
done using ch.meric proteins harboring the cytosolic aH 

SpHS the "olTt f ° Urth "■"""*•** domain of 
a . nd the other two containing the green fluorescent 
protein as the ectodomain and transmembrane Tml s 
of e ther megahn or LRP. Findings from these expert 

S Tffil S t tHat thB CytOSO " C domai " of megalfn is 

suff.oent for apical sorting, and that the megalin trans 
membrane domain promotes association with lip id Vafts 

ain sortino"' ,** LRP a " d ™9 ali " b °* 

tarn sorting mformat.on in their cytosolic domains that 
d.rects opposite polarity, basolatera. for LRP and apS 

or megahn. Additionally, we show that the NPTY mot 
m LRP is .mportant for basolateral sorting and the 

^Z^^ d ° mai " ~«* 

Sr^f ', pp iCal ' ^l 01 *™ 1 green flu °'«*ent protein, 
lipid rafts, LRP, megalin, polarized sorting 



The low-density lipoprotein (LDL) receptor gene family 
contains three very large members, LRP (LRP1), a dimer 
of 5 5 kDa and 85 kDa. its closely related homolog, mega- 
lin (LRP2), a single species of -600 kDa (1) and the 
recently d.scovered LRP1B, more closely related to LRP 
than to megalin (2). Comparison of LRP and megalin 
revea s that the overall protein domain structural organiza- 
tion of the two proteins is very similar. LRP has four ligand- 
bmdmg domains (I, II, III, and IV from the N-termlnus) 
separated from one another by clusters of EGF-precursor 
repeats and F/YWXD spacer repeats. LRP contains a furin 
endopeptidase processing site in its ectodomain that is 
cleaved to form the mature receptor, a noncovalently asso- 
ciated heterodimer, consisting of an extracellular 515-kDa 
subunit and a transmembrane 85-kDa subunit (3 4) The 

two^ v C ta "r° f LRP 100 3min0 acids and h ^*ors 
two NPxY motifs, one Yxx<{> motif, recently shown as the 
dominant endocytosis motif (5), and two LL motifs with 
he distal one playing a small role in LRP internalization 
in addition to these motifs, phosphorylation of the LRP tail 
tnr^f m° P ayS 3 r ° le ' n the internal| zation of the recep- 
tor. (6). Megalin contains four clusters of ligand-binding 
domains. The first ligand-binding domain is the most dif- 
ferent from the corresponding domain in LRP with seven 
hgand binding repeats instead of two (7). The transmem- 
brane domain is followed by a 209 amino acid cytosolic tail 
with putative endocytosis motifs based on tyrosine and 
dileucne, a proline-nch sequence with homology to a SH3 
binding domain, a carboxyl terminal PDZ motif and several 
putative phosphorylation motifs. 

t L « of"? iS 8SSential f ° r early em bryonic develop- 
ment (8, 9). The receptor plays important roles in lipo- 
protein catabolism, blood coagulation, cell adhesion and 
migration, neuronal process outgrowth and the pathoqen- 
es,s of Alzheimer's disease (1, 7, 10). The role LRP plays 
m these diverse biological processes is mediated by 
mteractions with multiple ligands, including proteinases 
proteinase-inhibitor complexes, and lipoprotein particles (7)' 
LHP is also involved in signal transduction (11-13) The 
close sim.lanty in protein domain structure between 

and me 9 a| m explains their similarity in ligand 



273 



Marzolo etal. 



interaction, i.e. many LRP ligands may also be ligands for 
megalin. However, in vivo the overall biological function 
of megalin is different from that of LRP (14), and this 
explains in part the failure of megalin to rescue the lethality 
of an LRP knock-out. Megalin knock-out mice have severe 
forebrain abnormalities as well as lung defects, and most of 
them die pennatally (15), illustrating an important role for 
megalin in development (16). In vivo megalin is also import- 
ant for the absorption of molecules by the intestine 
reabsorption by the kidney and transport across the blood-^ 
brain barrier (7, 14). Megalin is expressed primarily in the 
ap.cal domain of epithelial cells, while LRP is expressed 
broadly, both in epithelial and nonepithelial cells. In polarized 
cells such as neurons, LRP is localized in the somatodendritic 
domain (17), and in the liver LRP is localized in the sinusoidal 
face of the hepatocyte (18). Even if LRP and megalin were 
expressed in the same epithelial cells, they would probably 
be located in opposite plasma membrane domains and thus 
each receptor would be exposed to a different set of ligands. 

The plasma membrane of specialized cells such as neurons 
and epithelial cells is divided into functionally and 
morphologically distinct domains with different protein 
and lipid composition (19). In neurons the plasma mem- 
brane is composed of somatodendritic and axolemmal 
domains, whereas epithelial cells contain basolateral and 
apical domains. The different protein composition is main- 
tained by several mechanisms, including protein sorting 
from the trans^o\g\ network (TGN! and endosomes to 
target membranes and selective retention in the plasma 
membrane (20). Many of these mechanisms rely upon 
protein-protein interactions directed by signals present 
within the targeted proteins themselves (21). Basolateral 
signals such as dihydrophobic repeats (LL; IL), tyrosine- 
containing sequences and other motifs that form tight 
P-turns are found in the cytosolic tail of many membrane 
proteins. Apical sorting can be mediated by different types 
of determinants, including signals in the lumenal domain 
as well as transmembrane domain and glycosylphosphati- 
dylinositol anchors (22-24) that direct the protein to lipid 
rafts (23, 25, 26). It has been suggested that AAglycosyla- 
tion is an apical determinant, but this is likely to be a 
relatively weak signal when a basolateral signal is coex- 
pressed in the same protein (27), and is nonfunctional in 
some apical proteins (28). Other apical sorting determin- 
ants have been described in the cytoplasmic domains 
of some polytopic apical membrane proteins, such as rhod- 
opsm (29), the amiloride-sensitive sodium channel (30) and 
cystic fibrosis transmembrane regulator (CFTR) (31). It has 
been proposed that in neurons the sorting behavior of 
some membrane proteins is equivalent to those found in 
epithelial cells. Apical proteins such as hemagglutinin (HA) 
and the majority of GPI anchored proteins are localized in 
the axon when expressed in neurons (32). Similarly, some 
axonal proteins are apical when expressed in the epithelial 
cell line MDCK (Madin-Darby canine kidney cells) (33) The 
transferrin receptor, basolateral in epithelial cells, is distri- 
buted on the dendritic surface in neurons (34). 
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In this study, we analyzed the localization of endogenous 
LRP and megalin and transfected chimeric proteins con- 
taining the tail of either megalin or LRP in epithelial polar- 
ized cell lines. We found that LRP contains sorting 
information located in the cytoplasmic domain, which 
allows the direct targeting of the minireceptor to the baso- 
lateral plasma membrane. Our results indicate that a 
tyrosine-based motif could have a role in the basolateral 
localization of the receptor. We also found that megalin 
and chimeric proteins containing the megalin tail are apic- 
ally localized. Although the transmembrane region of 
megalin seems to have properties that permit it to asso- 
ciate with lipid rafts, this domain was not necessary for 
apical distribution. Instead, our results indicate that the 
cytosolic tail of megalin conveys apical information inde- 
pendently of raft association. 



Results 

Polarized expression of LRP and megalin 
in epithelial cells 

The pig cell line LLC-PK1 is derived from kidney proximal 
tubule and forms a polarized monolayer when grown on 
filters. We found that both megalin and LRP are expressed 
m this cell line. By cell surface biotinylation, megalin was 
found to be apical (Figure 1A), as already described in 
epithelial tissues, and LRP showed a nonpolarized distribu- 
tion (Figure 1B). 

LLC-PK1 cells do not express the AP-1 subunit jilb (35) 
which has been suggested to function in the basolateral 
sorting of membrane proteins with tyrosine-based signals 
such as the LDL-R (36). In transfected LLC-PK1 cells 
expressing the AP1 subunit u1B, LRP was instead distri- 
buted basolaterally (Figure 2A), indicating that it probably 
contains tyrosine-based motifs recognized by this adaptor 
protein. We next explored the expression and distribution 
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Figure 1: Distribution of LRP and megalin in polarized wild- 
type LLC-PK1 cells. LLC-PK1 cells were grown on filters for 
5days and biotinylated at either the apical domain (Ap) or the 
basolateral domain (Bl) at 4°C. Following biotinylation, lysates 
were precipitated with streptavidin-Sepharose, separated by 5% 
LRp"(B? GE Pr ° bed W ' th anti ~ human me 9 alin (A) or anti-human 
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of LRP in MDCK cells, which endogenously express u1B 
(35) and correctly sort tyrosine-based membrane proteins 
to the basolateral membrane (36). In these cells both by 
cell surface biotinylation (Figure 2B) and confocal micro- 
scopy (Figure 2C), LRP was basolaterally distributed 
These results confirm that LRP has basolateral sorting 
information that requires the cell expression of the epithe- 
lial specific adaptor complex AP-1B to be deciphered 
correctly. As shown in Figure 3(A), the cytoplasmic domain 
of LRP has several basolateral putative motifs that could 
participate either in the direct basolateral targeting from 
the TGN and/or in the receptor recycling, in a postendocytic 
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Figure 2: Basolateral expression of endogenous LRP in 
MDCK and LLC-PK1- u1b cells. Filter-grown LLC-PK1-u1b (A) 
and MDCK (B) cells were biotinylated either at the apical domain 
(Ap) or basolateral domain (Bl) at 4°C. Following biotinylation 
lysates were immunoprecipitated with anti-human LRP separated 
by 5% SDS-PAGE and probed with streptavidin-HRP (C) MDCK 
cells grown on glass coverslips for 5 days until confluence were 
fixed and permeabilized with Triton-X100 and then successively 
incubated with anti-human LRP (1 ; 100) and Cy3 conjugated anti- 
rabbit IgG. The sample was analyzed with a confocal microscope 
An integration of all xy serial optical sections of 0 6-jim each is 
shown with an assigned color ranging from blue for basal to red 
for apical staining. 

Traffic 2003; 4: 273-288 



Differential Polarized Distribution of LRP and Megalin 

sorting event. There are tyrosine-based motifs, similar to 
the signals present in LDL-R (37) and also two dileucme 
motifs, that are functionally basolateral sorting signals as 
well (38, 39). 



Construction of minireceptors with LRP and 
megalin cytoplasmic domains 

Our working hypothesis was that the sorting information 
of LRP and megalin could be in their cytosolic tails. In 
Figure 3(A), the sequences of LRP, megalin, and LDL-R 
tails are shown for comparison. Several motifs that fit the 
described basolateral sorting signals of other proteins, 
including the LDL-R, are seen in both the LRP and megalin! 
The very large size of LRP and megalin (-600 kDa) limits 
the molecular manipulations at the cDNA level and the 
expression of this protein via transfection. Thus, we have 
generated LRP and megalin minireceptors to identify and 
characterize functional elements within the LRP and 
megalin tails determining the trafficking behavior of the 
receptors in polarized epithelial cells (Figure 3B). The LRP 
minireceptors consist of the fourth ligand-binding ecto- 
domain followed by the transmembrane domain and either 
the complete cytosolic tail of LRP (mLRP/LRPTmT) or the 
complete 209 ammo acids of the megalin tail (mLRP/ 
LRPTmMegT). Two chimeric membrane proteins contain- 
ing the GFP as ectodomain followed by either the trans- 
membrane domain of LRP (GFP/LRPTmfvlegT) or megalin 
(GFP/MegTmT) and sharing the cytosolic domain of megalin 
were made. As controls for the sorting information that 
might be contained within the ectodomains and trans- 
membrane domains of LRP, we made both a tailless mini- 
receptor mLRP/LRPTmAT and soluble forms of the 
minireceptor (SmLRP) and GFP (GFPsec). An HA epitope 
was inserted near the amino terminus of all the constructs 
to facilitate immunological detection of the minireceptor 
protein in transfected cells. 



The cytosolic tail of LRP contains information for 
direct basolateral targeting 

We decided to investigate whether a minireceptor contain- 
ing the cytoplasmic domain of LRP behaves as the 
endogenous receptor in transfected MDCK cells The 
total lysates of MDCK-mLRP/LRPTrnT cells were analyzed 
by Western blot with anti-HA antibody. Both the precursor 
form of the minireceptor of 205 kDa and the mature form 
(furin processed) of 120 kDa were detected. Filter-grown 
MDCK cells expressing mLRP/LRPTmT were biotinylated 
to localize the steady-state cell surface minireceptor, 
which was found exclusively in the basolateral domain 
and in its processed form (Figure 4A, upper part). More 
than 95% of the receptor was localized in the basolateral 
domain of MDCK cells (average of several experiments, 
not shown). Biotinylated cells were correctly polarized, as 
shown by the apical distribution of an endogenous apical 
marker, gp135 (Figure 4A, bottom part). We confirmed the 
basolateral distribution of mLRP/LRPTmT by indirect 
immunofluorescence of permeabilized cells with anti-HA 

275 



Marzolo etal. 



KNWRLKNtNSINFD/VP^VQKTTEDEVHK^HNQDGYSYPSRQ^ 



KRRVQGAKGFQHQRMTNGAMNVEIGNWKMYEGGEPDDVGGLLDAOFALDPDKt 
LASTOEKRELLGRGPEDEIGDPLA " ** 



'NFTNPV YA TLYMGGHGSRHS 
HYRRTGSLtPA^SLSSLVKPSENGNGVTERSGAOLNMD.GVSGFGPETA.DRSMAMSEDFVMEMGKQPHFENPMV 



ESVAATPPPSPSLPAKPKPPSRRDFTPTYSATEDTKKDTAN 

B 

• * ■ mLRP/LRPTmT 

• -mmms ■ , mLRP/LRPTmMegT 

• ■ mLRP/ LRPTmAT 

• ^ SmLRP 

•==i GFP/MegTmT 
» : : ■ GFP/ LRPTmMegT 

» j GFPsec 

and LL (bolded) present in the LRP taif For LDL-R and I RP tLT™ .7 PU,3 " Ve b8Solateral motifs based on tyrosine 

the megalin cytoplasmic domain sequence ther are d ileuc ne ndTr ^ f a '° a ' S ° h ' 9hhshted (bold ita,i «» (5- 38> Within 

' Ho bind., g ite « ,n le,!,, » , , , * ; nai m0,l,S (b ° lded) ' P^^ch sequences of the type of 

(mLRP) and the solubie form SmLRP) coma n ^ fourth iZ^Ih ' h ^V^'' <B) Th8 min ' rece P<-s. both membrane-bound 
juxtamembrane domain of LRP. Add^l^ ^ Slte « ead > «« *• 

either with no cytosolic doma.n, the cytosolic domain of I RP Tr th ? transmembrane domain of LRP (black box), 

GFP in the ectodomain, the megalm ^e^^nZ £ / ^ ° 7'° ° me9a " n ' ThS GFP/Me S TmT chimera is made of 
transmembrane region of LRP followed byt^^^^^T 8 ^ ° f me9alin ' whereas GFP/LRPTmMegT has the 

made with the HA ep.tope in the N-teLinus <b£ o alf 9a " n ' ^ * 8 f ° rm ° f GFR Al1 the «*«ructs were 



antibody (Figure 4B). Both the endogenous LRP (see Figure 2C) 
and the minireceptor also gave an intracellular punctuate 
staining, probably corresponding to the recycling path- 
way. Because endogenous LRP is basolateral in cells 
expressing the AP-1B adaptor complex (Figure 2) but 
is nonpolarized in wild-type LLC-PK1 cells (Figure 1B) we 
investigated the participation of tyrosine-based motifs 
present in the receptor's tail. Using the mLRP/LRPTmT as 
a template, we made alanine site-directed mutagenesis in 
the first tyrosine (Y29A) belonging to a NPTY motif and in 
the second tyrosine (Y63A) that is part of two different and 
overlapping motifs, the NPVY and the YATL (see Figure 
3A). The resulting mutated plasmids (mLRP/LRPTmT Y29A 
and mLRP/LRPTmT Y63A} were used to obtain stably trans- 
fected MDCK cell lines and study the localization of the 
mmireceptors. As in shown in Figure 4(C), both by surface 
biotmylation and indirect immunofluorescence the steady- 
state localization of the Y29A was apical, suggesting that 
the f,rst NPxY motif is involved in the basolateral distribution 
on the receptor. Instead, the mutant of the tyrosine in 
position 63 also lost its polarity but appeared randomly 



distributed in the apical and basolateral domains. These 
results indicate that Y29 and Y63 contribute to the baso- 
lateral sorting, possibly with different strengths or through 
different mechanisms. 

To determine if the basolateral localization of the minirecep- 
tor is only due to its cytosolic domain, it was necessary to 
show that the other domains of the protein have a neutral or 
distinct sorting behavior, in the same cell line. We then 
generated stable MDCK cell lines expressing the soluble 
form of the minireceptor (SmLRP) and the minireceptor 
mLRP/LRPTmAT and analyzed their polarized expression 
in filter-grown cells. For SmLRP, cells were metabolicaliy 
labeled with [ 3o S]methionine/cysteine for 60 min and chased 
for4h. After the chase, immunoprecipitations with anti-HA 
antibody were made from the apical and basolateral media 
and analyzed via SDS-polyacrylamide gel electrophoresis 
As seen in Figure 5(A), the soluble forms of the minire- 
ceptor were processed by furin and secreted with a clear 
apical preference. The distribution of mLRP/LRPTmAT 
was analyzed by indirect immunofluorescence anti-HA 
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Figure 4 Distribution of the mm.receptors with wild-type and tyrosine mutant LRP tails in MDCK cells. (A) Permanent 

. , ' " ' «rs in TransweB chambers were analyzed for the polarized expression of 

mLKP/LRPTmT Cells were selectively biotinylated in duplicate and the cell lysates treated as described in Experimental Procedures A 
clear basolateral expression of the minireceptor is shown. Almost all the protein on the surface is the mature form, compared to the total 
lysate where the precursor form is also found. As a control of cell polarization and integrity of the cell apical pathway, the membrane was 
stripped and incubated with an antibody to detect the endogenous apical membrane protein, gp135. (B) mLRP/LRPTmT-expressing 
MDCK cells grown on coverslips were fixed, permeabilized and incubated with anti-HA. After incubation with the secondary antibody (anti- 
mouse IgG conjugated with FITC), cells were mounted and analyzed for immunofluorescence staining. The minireceptor is mainly 
restricted to the basolateral surface and to recycling vesicles. (C) MDCK cells expressing the Y29A and the Y63A minireceptors were 
grown on filters to perform selective biotmylation, showing that both tyrosines are important for the basolateral localization (left) Cells 
Rnth m 0 1 T S C0VerSl ' pS w ° re f ' xed and '"abated with anti-HA f-non-permeabilized) or anti-HA plus ant, E-Cadherin (+ permeabilized). 
Pp iTh r h eXPreSSed , ,n *t 3P,Ca ^ Wh6n th6V V ' SUal,2ed bY ' ndlreCt lm ™nofluorescence (middle part of the figure). 
Permeabilized cells were analyzed by confocal microscopy to see the distribution of the mutant minireceptor and the colocalization with a 
basolateral marker, E-Cadhenn. A basal-medial plane is shown to highlight that only the Y63A mutant has a basal localization as it can be 
colocalized with E-Cadherin (right part of the Figure) (scale bar, 10 M m>. 



on both sides of the filter. As is illustrated in Figure 5(B), 
this minireceptor also had a predominant apical distri- 
bution. A similar result was obtained by domain selective 
biotinylation (not shown). One possibility to explain the 
apical localization of the soluble and tailless minireceptors 
is the existence of apical sorting information in the ecto- 
domain. The ectodomain of several basolateral proteins is 
believed to contain recessive information for apical locali- 
zation that in some cases is dependent on AAglycosylation 
(19, 27). Because the minireceptor ectodomain has eight 
putative /V-glycosylation consensus sites, we studied 
whether the minireceptor without the cytoplasmic domain 
is effectively ^glycosylated. Cells were incubated with or 



without tunicamycin, an inhibitor of AAglycosylation, 
pulse-labeled with [ 35 Slmethionine/cysteine for 4 h, and the 
mLRP/LRPTmAT immunoprecipitated with HA antibody. In 
control cells, three predominant bands are observed, cor- 
responding to the Golgi precursor form and to the 1 20-kDa 
and 74-kDa mature forms generated after processing by 
furin (Figure 5C). In contrast, the tunicamycin-treated cells 
expressed only the low molecular weight precursor form 
(ER form) of the mLRP/LRPTmAT. This result indicates that 
the minireceptor is effectively W-glycosylated. However, 
we could not assess the role of W-glycan in its apical sorting 
because under tunicamycin treatment the protein was 
arrested in the ER (Figure 5C). A/-glycans seem to be 
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required for the folding process of the receptor 
(McCormick and Bu, unpublished results). The different 
distribution achieved by the tailless minireceptor and the 
i e nire< eptor indicates that the cytoplasmic 
domain of LRP harbors dominant basolateral sorting 
information. 

To investigate the intracellular trafficking of mLRP/ 
LRPTmT in MDCK cells, we traced the cell surface delivery 
of newly synthesized minireceptor using a pulse-chase/ 
membrane targeting assay. Confluent MDCK monolayers 
were pulse-labeled with [ 35 S)methionine/cysteine for 
30min, chased for different time periods, biotinylated 
from either the apical or basolateral surface, lysed, and 
immunoprecipitated by HA antibody. The precipitated 
mLRP/LRPTmT molecules were subsequently precipitated 
by streptavidin-agarose, so that only the radiolabeled mini- 
receptor that had reached the cell surface at the time of 
biotinylation was detected by autoradiography. After 
60min of chase, almost no minireceptor (less than 2% of 
the total) was detected on either surface (Figure 6A). At 
this time-point, we found that the majority of the newly 
synthesized protein was in the precursor form, with 
almost no mature forms (120-kDa and 85-kDa subunits) 
(Figure 6B). After 90 mm of chase, mLRP/LRPTmT began 
to appear on the basolateral surface, as indicated by the 
120-kDa band on SDS-PAGE analysis. It is evident that 
newly synthesized minireceptor containing the cytoplas- 
mic domain of LRP was delivered predominantly to the 
basolateral plasma membrane at all time-points tested 
(Figure 6C), suggesting that the protein follows a direct 
route from the TGN to the basolateral domain. These 
results are consistent with the steady-state surface baso- 
lateral distribution of both endogenous LRP and the mini- 
receptor mLRP/LRPTmT in MDCK cells. 



Figure5: The minireceptor ectodomain contains apical 
sorting information. (A) Filter-grown MDCK cells expressing 
SmLRP were pulse-labeled with | 35 Slmethionine/cysteine for 
60min, chased for 4h and lysed. The total cell lysate and the 
apical (Ap) and basolateral (Bl) media were immunoprecipitated 
with anti-HA antibody. The immunoprecipitates were resolved by 
6% SDS-PAGE under reducing conditions. Two different clones 
are shown. (B) MDCK cells expressing mLRP/LRPTmAT were 
grown on Transwell-clear filters and processed for indirect 
immunofluorescence microscopy without permeabilization. 
Primary anti-HA antibody and the secondary anti-mouse FITC 
were added to both sides of the filter. The label is predominantly 
apical as is shown in the picture representing the sum of ten 1.0- 
nm confocal microscopy xy sections (scale bar, 20 urn). (C) MDCK 
cells stably transfected with mLRP/LRPTmAT were pulse-labeled 
with [ 35 Slmethionine/cysteine for 240 min in the absence (-) or 
presence (+) of tunicamycin (10|ig/mi). Cells were lysed and 
immunoprecipitated with anti-HA antibody. The complexes were 
resolved in 6% SDS-PAGE under reducing conditions and bands 
were visualized by autoradiography. 
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The megalin cytoplasmic domain contains 
information for apical localization 

Using a similar experimental approach for analyzing LRP 
sorting, we studied the role of the megalin cytoplasmic 
domain in the apical sorting of the protein. The minirecep- 
tor mLRP/LRPTmMegT was expressed in MDCK cells. As 
is shown in Figure 7, the chimeric minireceptor was 
distributed apically in MDCK cells. Most of the protein at 
the cell surface, which was the target of the biotinylation 
procedure, was the mature 1 20-kDa subunit, while in the 
cell lysate, both the precursor and the mature forms were 
found (Figure 7A). The distribution of the mLRP/ 
LRPTmMegT in polarized MDCK cells is also illustrated in 
Figure 7(B). By indirect immunofluorescence, the protein 
was detected in a punctate pattern in the apical portion of 
the cell. This result indicates that, at steady-state, mLRP/ 
LRPTmMegT is localized in the apical domain of the cell. 

Although the chimeric protein has a clear apical distribution, 
the fact that the minireceptor ectodomain conveys an apical 
determinant (Figure 5A.B) made it necessary to determine if 
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Figure 6: Processing and targeting of mLRP/LRPTmT directly to the basolateral membrane. Vectorial delivery of mLRP/LRPTmT to 
the cell surface was analyzed by a membrane targeting assay (see Experimental Procedures). Cells grown on filters were pulse-labeled 
with [ 3S SImethionine/cysteine for 30 mm. At various time-points during the chase, metabolically labeled minireceptor expressing MDCK 
cells were biotinylated from either the apical (Ap) or basolateral (Bl) surface and immunoprecipitated with anti-HA monoclonal antibody. (A) 
Biotinylated, radiolabeled immunoprecipitates were obtained by subsequent reprecipitation of 4/5 parts of the total immunoprecipitated 
sample with streptavidin-agarose. (B) For each chase time, a fraction (1/5) of the immunoprecipitate sample was analyzed by 6% reducing 
SDS-PAGE and shown as total immunoprecipitate. (C) Fluorograms of (A) and (B) were scanned and quantified using NIH image program 
for Windows, and the results obtained were corrected by the fraction of the total immunoprecipitated sample that was loaded on the gels 
I4/5 for (A) and 1/5 for (B)]. The resulting numbers were used to calculate the percentages of the total labeled protein that are in the cell 
surface (biotinylated) for each time-point. It should be noted that the gel was slightly overexposed for the purpose of clearly visualizing the 
bands but not for the quantification analysis. 



the tail is sufficient to mediate apical targeting of an unre- 
lated protein with no known apical determinants. To address 
this issue, we expressed a chimeric protein containing the 
megalin tail with HA-tagged GFP as the ectodomain in 
MDCK cells. The expression of the construct in the stably 
transfected cells was confirmed by Western blot and flow 
cytometry analysis. We seeded the resulting transfectants 
onto coverslips and Costar Transweli filters, and determined 
if GFP/MegTmT was targeted to the apical portion of the 
cell. As shown in Figure 8(A), by indirect immunofluores- 
cence using anti-HA, the GFP/MegTmT labeling, in 
non-permeabilized cells, was in a fine vesicular pattern charac- 



teristic for apical staining. With permeabilized cells, we did 
not detect label corresponding to the basolateral membrane. 
We also analyzed the GFP/MegTmT localization in confluent 
monolayers by confocal microscopy. Panel B of Figure 8 
shows the distribution pattern of GFP/MegTmT from three 
sections, starting from the apical domain to the basal 
domain. The majority of the label is in the apical pole with 
some appearing intracellularly. By cell surface biotinylation, 
it was confirmed that the chimeric protein appeared exclu- 
sively in the apical domain. E-cadherin, an endogenous marker 
of the basolateral domain, was localized correctly in 
the same filter grown cells (Figure 8C). The construct 
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Figure 7: Apical expression of a minireceptor containing the 
megalin cytoplasmic domain. Permanent transfectants of 
MDCK cells forming impermeable monolayers in Transwell 
chambers were analyzed for the polarized expression of mLRP/ 
LRPTmMegT as described in Figure 4. (A) Cells were selectively 
biotinylated and the cell lysates were treated as described in 
Experimental Procedures. The minireceptor was detected by 
Western blot using an anti-HA antibody. The majority of the 
protein on the surface is the mature form, compared with the total 
lysate where the precursor form is also found. (B) mLRP/ 
LRPTmMegT-expressing MDCK cells grown on coverslips were 
fixed, permeabilized and incubated with anti-HA overnight at 4°C. 
After incubation with the secondary antibody (anti-mouse IgG 
conjugated with FITC), cells were mounted and analyzed for 
immunofluorescence staining. The minireceptor is mainly 
restricted to the apical surface. 



GFP/LRPTmMegT was also localized apically in transfected 
MDCK cells (Figure 8A,B). Since this chimeric protein 
contains the transmembrane domain of LRP instead of mega- 
lin, this result strongly suggests that its apical localization is 
due to the presence of the megalin cytoplasmic domain. 



To exclude the possibility that the ectodomain of the GFP/ 
MegT constructs harbor apical sorting information, such as 
A/-glycosylation, we used two different experimental 
approaches. First, we incubated MDCK cells expressing 
GFP/MegTmT with tunicamycin overnight and during 
a 240-min I 35 S]methionine pulse labeling, followed by HA 
immunoprecipitation of the cell lysate. This treatment did 
not change the molecular size of the radiolabeled protein 
(Figure 9A), indicating that the ectodomain of GFP is 
not glycosylated. As a second approach, we generated a 
MDCK cell-line expressing the soluble protein, HA-tagged 
GFP (GFPsec). We performed a pulse-chase experiment 
with the cells seeded on filters and the polarity of GFPsec 
secretion was assessed by immunoprecipitation of the apical 
and basolateral media with HA antibody. As shown in Figure 
9(B), GFPsec is secreted with no polarity, demonstrating that 
the ectodomain does not contain apical sorting information. 
This result is also important to exclude the possibility that the 
default localization of MDCK is to the apical domain. 

The association of membrane proteins with detergent- 
insoluble glycosphingolipid complexes (DIGs or lipid rafts) 
sometimes correlates with their apical localization. In order 
to determine if megalin and the megalin chimeric proteins 
interact with DIGs, we examined their distribution via 
sucrose density gradients, and compared it to that of 
caveolin 1, which partitions into lipid rafts (40). We found 
that a small portion (18%) of endogenous megalin from 
LLC-PK1 cells floated in fractions 5-8 (20-34% sucrose) 
corresponding to lipid rafts (Figure 10A.E). Twenty-four per 
cent of the chimeric protein GFP/MegTmT, expressed in 
MDCK cells, was found in the lipid rafts fractions (Figure 1 0E). 
However, as with endogenous megalin, an important 
fraction of the chimeric protein partitioned in the bottom of 
sucrose gradients (Figure 10E), where the nonraft protein 
E-cadherin was found (Figure 10B). The raft association 
was probably due to the presence of the megalin trans- 
membrane domain and was not required to achieve apical 
localization. In fact, both the minireceptor mLRP/ 
LRPTmMegT and the chimeric protein GFP/LRPTmMegT, 
which contain the transmembrane domain of LRP, fraction- 
ated completely to the bottom of the sucrose density gradi- 
ents (Figure 10C.D). These experiments reveal that the 
apical localization of megalin and the chimeric megalin tail 
proteins is not dependent on their association with lipid rafts 
and/or the presence of the megalin transmembrane domain. 



Discussion 

In this report we studied the distribution of two giant 
receptors of the LDL-R family, LRP and megalin, in polarized 
renal epithelial cell lines, MDCK and LLC-PK1. We also 
investigated the molecular determinants in the receptors 
that dictate their polarized localization. Both receptors 
contain four clusters of cysteine-rich complement-type/ 
LDL-R class A repeats in their ectodomains, and are similar 
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Figure8: Apical expression of 
GFP-MegT transfected MDCK 
cells. MDCK cells expressing the 
constructs GFP/MegTmT and 
GFP/LRPTmMegT were grown 
on coverslips (A,B) or filters (C) 
to analyze the distribution of 
the chimeric protein. (A) Cells 
expressing the chimeric protein 
were fixed and labeled with an 
anti-HA antibody to label the 
ectodomain of the chimeric 
proteins. (B) Confocal images 
acquired from confluent cells 
expressing GFP chimeric 

perinuclear and basal planes 
of the polarized monolayer 
are shown. (C) Cell surface 
biotinylation of MDCK cells 
expressing GFP/MegTmT and 
detected by Western blot, show 
the apical distribution of the 52- 
kDa chimeric protein. As a control 
for cell polarization, the PVDF 
membrane was stripped and 
blotted with rat anti-E-Cadherin 
to localize this endogenous 
basolateral protein (scale bar, 
5 urn). 



in terms of the binding to and internalization capacity for 
certain ligands in solid-phase assays and cell culture 
(41-43). However, their overall physiological functions are 
very different (44), as is reflected in the knock-out models 
(8, 9, 1 5, 45) and in human and animal models for receptor 
dysfunction (45-47). We hypothesized that this functional 
disparity of the receptors could be partially explained by 
their opposite distribution in polarized cells within several 
tissues where they are both expressed. 

If both receptors are compared structurally, their major 
differences are present in their cytosolic domains, which 
are relatively small compared to the ectodomains. LRP has 
a cytoplasmic domain composed of 100 amino acids, with 
one phosphorylation site for PKA (6), three tyrosine-based 
motifs, and two dileucine motifs (5). The megalin cytoplasmic 
domain has 209 amino acids and harbors several inter- 
esting motifs, including three putative endocytosis motifs 
(one dileucine, two NPxY and one Yxx<j> motifs), phos- 
phorylation sites for PKC and PKA, SH3 proline rich 



motifs and one SEV sequence in the carboxyl-terminal 
part of the tail, which constitutes a PDZ motif. For this 
reason we searched for sorting information in the tail of 
both receptors. 

First, we demonstrated that LRP is basolaterally located in 
MDCK cells. By using different minireceptors, we showed 
that the basolateral information resides in the cytoplasmic 
domain of the receptor. In fact, the minireceptor containing 
the entire LRP cytoplasmic domain (mLRP/LRPTmT) 
showed a predominant basolateral distribution, whereas 
the minireceptor mLRP/LRPTmAT lacking the cytosolic 
tail had a predominant apical distribution, probably due to 
residual sorting information in the W-glycosylated ecto- 
domain. The basolateral signal present in the tail is dominant 
over the apical signal of the tailless minireceptor. More- 
over, this addressing information directly targeted the 
minireceptor to the basolateral domain, suggesting that it 
is recognized by the sorting machinery within the biosyn- 
thetic pathway, mostly at the TGN. 
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Figure9: The ectodomain of the chimeric proteins GFP/ 
MegTmT does not contain apical sorting information (A) 

MDCK cells expressing GFP/MegTmT were pulse-labeled with 
[ 35 S]methionine/cysteine for 240min in the absence (-) or 
presence (+) of tunicamycin (I0ng/ml). Cells were lysed and 
immunoprecipitated with anti-HA antibody. The complexes were 
resolved in 10% SDS-PAGE and the 52-kDa band was visualized 
by autoradiography. (B) Filter-grown fvlDCK cells expressing 
GFPsec were pulse-labeled with ( 35 S]methionine/cysteine for 
60min, chased for 4h and lysed. The apical (Ap) and basolateral 
(Bl) media were immunoprecipitated with anti-HA antibody. The 
immunoprecipitates were resolved by 15% SDS-PAGE. 

The expression of LRP in the somatodendritic domain in 
neurons and its basolateral distribution in MDCK cells is 
coincident with the hypothesis establishing that the 
mechanisms controlling sorting in epithelial and neuronal 
cells may be similar (48). Another family member, LDL-R, 
is also expressed in the basolateral domain in several 
epithelial cells, including MDCK (49) and is somatoden- 
dritic in neurons (34). This receptor has two independent 
basolateral sorting signals, a weak, tyros ine-based one 
that overlaps with the endocytosis motif (NPxY) and 
a dominant one, also tyrosine-based, not related to the 
endocytosis signal (37), (see Figure 3A). 

LRP showed a nonpolarized distribution in the u1 B defect- 
ive cell line LLC-PK1, but this localization was reverted to 
the basolateral domain in LLC-PK1 transfected with the 
missing adaptor subunit of the AP-1 B complex. There is 
some evidence suggesting that u1B participates in the 
sorting of basolateral proteins with tyrosine-based signals, 
such as LDL-R (35, 36), although it is not clear if it func- 
tions in the biosynthetic and/or recycling sorting pathway 
(50, 51). Therefore we studied the participation of the two 
tyrosines present in the LRP tail in the basolateral sorting 
of the receptor. Our results suggest that both tyrosine 
residues could be part of basolateral determinants (Y29 in 
the NPTY motif and Y63 in either NPVY and/or YATL 
motifs). In addition, resembling the characteristic of the 

282 



distal strongest basolateral : i of the LDL-R 

(37), the Y29 is also close to a pair of acidic residues that 
therefore 

sorting signal of LRP. 

Our results suggest that both Y29 and Y63 could play a role 
in different stages of the LRP basolateral pathway. The 
basolateral steady-state distribution of an endocytic pro- 
tein, such as LRP, is a result of at least two signal- 
mediated trafficking pathways. In the biosynthetic route, 
the receptor has to be segregated into basolateral directed 
vesicles, probably at the TGN. Once in the plasma mem- 
■ i t !, i ternalized and has to 

be sorted at the basolateral recycling endosome back to 
the basolateral plasma membrane. The first NPxY motif 
could participate as a TGN to basolateral plasma mem- 
brane sorting signal, explaining why we did not find any 
basolateral localization of the Y29A mutated minireceptor. 
Y63 is part of the dominant endocytic motif of LRP, YATL 
(5). This tyrosine, as part of either NPVY and/or YATL 
motifs, could have a role in the basolateral recycling of 
the minireceptor, maintaining the correct localization of 
the protein after endocytosis, where u.1 B could participate 
(51). We are currently investigating in detail the nature of 
the basolateral signal in the LRP cytoplasmic domain and 
the role of the different motifs in trafficking pathways 
within polarized epithelial cells. 

In the case of megalin, it is already known that this receptor 
is apically distributed in several epithelial tissues. However, 
the molecular determinant of its apical localization has not 
been examined. Our results clearly show that the tail of 
megalin harbors information for its apical localization in 
spite of the presence of several putative basolateral motifs 
such as LL, two NPXY motifs and one Yxxcf) motif in the 
cytosolic domain of the receptor (Figure 3A). Since, the 
ectodomain of basolateral receptors normally expresses 
recessive apical sorting information (27), as we also show 
for the minireceptor, we used GFP as a reporter ecto- 
domain. GFP itself does not have an apical sorting determin- 
ant, as a secreted form of GFP was equally secreted by 
the two plasma membrane domains. The two chimeric 
proteins containing the cytoplasmic domain of megalin and 
GFP in the ectodomain with either the transmembrane 
domain of megalin or the transmembrane domain of LRP 
were localized in the apical domain of MDCK cells. These 
chimeric proteins are not W-glycosylated, as was shown in 
the tunicamycin experiment, eliminating the possibility of 
the presence of this apical sorting information in the ecto- 
domain. The fact that the chimeric protein GFP/ 
LRPTmMegT is apically localized strongly suggests that 
the megalin cytoplasmic domain contains apical sorting 
information. We do not know yet if the information for apical 
localization determines the direct or indirect targeting of the 
protein to the apical membrane and/or its apical retention. 
This is an important aspect in the field of cell polarity, since 
both the protein signals and the cell machinery for apical 
sorting have been elusive. The known examples of apical 
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Figure 10: Megalin and the chimeric protein containing megalin transmembrane domains are present in lipid rafts. LLC-PK1 cells 
expressing endogenous megalin and MDCK cells expressing either GFP/MegTmT, GFP/LRPTmMegT or mLRP/LRPTmMegT were 
extracted with 1% Triton X-100, and the resulting cell lysates were centrifuged to equilibrium in a sucrose gradient, as described in 
Experimental Procedures. Aliquots from each fraction were subjected to SDS-PAGE and analyzed by immunoblotting. Both megalin in 
LLC-PK1 cells (A) and GFP/MegTmT in MDCK cells are present in lipid rafts fractions (5-8). the same fractions where caveolin is found 
(middle in B). In contrast, neither GFP/LRPTmMegT (C) nor mLRP/LRPTmMegT (D) was associated with lipid rafts in MDCK cells. As 
controls for raft and non-raft fractions, the distribution of caveolin 1 and E-cadherin was determined in all sucrose gradients from MDCK 
cells. (E) The amount of megalin and GFP/MegTmT present in each fraction of the gradients is reported as a percentage of the total 
amount of the protein in all fractions. The data are representative of several independent experiments (two for measuring megalin in LLC- 
PK1 and four for GFP/LRPTmMegT in MDCK cells). 



proteins with a cytosolic tail localization determinant are 
almost all polytopic, with the exception of endotubin (52) 
that could have a cytosolic apical sorting determinant that 
drives the protein to the apical early endosome. For rhodop- 
sin, it was shown that the apical signal allows the direct 
targeting of the protein to the apical membrane (29). CFTR 
(53) and cMOAT (54) are other examples of polytopic apical 
proteins with a localization signal in their cytosolic domain. 
For CFTR it has been shown that a PDZ motif in the carboxy 
terminus is required to maintain its apical localization. 
Through this motif, the protein interacts with EBP50/ 
NHERF (53) and with the E3KARP-ezrin complex that 
could be important in stabilizing CFTR at the apical mem- 
brane domain (55). As was mentioned, megalin has a PDZ 
motif (SEV) that binds to some PDZ proteins (56, 57) that 
could have a role as an anchoring element. The megalin 



cytoplasmic domain also harbors a proline-rich SH3 binding 
motif, homologous to one present in the amiloride-sensitive 
sodium channel that determines its apical localization 
through an interaction with the actin cytoskeleton (30). We 
are currently investigating the role of different megalin tail 
motifs in the apical localization of the receptor. 

Finally, we have to consider that the A/-glycosylated 
ectodomain of megalin could participate in its apical local- 
ization (58). Also, we cannot dismiss a possible role for the 
transmembrane domain, as a small fraction of both endogen- 
ous megalin and the GFP/MegTmT chimeric protein 
partition into lipid rafts floated in sucrose gradients in the 
presence of triton X-100. The association with lipid rafts is 
linked to the apical localization of several proteins in epithe- 
lial polarized cells (59, 60). However, megalin tail chimeric 
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binding to lipid rafts is not a requirement for apical sorting 
as has been suggested for other apical proteins (61, 62). In 
this regard, megalin i hav ~ ° than one way of 
ensuring its apical localization, which is necessary to 
accomplish its important physiological functions. 



Materials and Methods 

Materials 

All tissue culture medi i en , and piasticware were from 
Life Technologies, Inc (Rockville, Ml, USA). Tissue culture- 
treated Transwell polycarbonate filters were from Costar 
(Costar, Cambridge, MA, USA). Rabbit polyclonal anti- 
human LRP and the monoclonal anti-HA antibody have 
been described before (63). Polyclonal anti-human megalin 
was generated against a recombinant megalin tail obtained 
as described below. Monoclonal anti-gp135 antibody was a 
generous gift from Dr George Ojakian (SUNY Downstate 
Medical Center, NY, USA). Rat anti-uvomorulin/E-cadherin 
monoclonal antibody was from Sigma (Sigma Chemical, 
St. Louis MO, USA). Rabbit polyclonal anti-human caveolin 
IgG was from Santa Cruz Biotechnology (Santa Cruz, Cali- 
fornia, USA). The goat anti-mouse IgFITC was from Dako 
(Dako Cytomation, Denmark A/S, Denmark). Goat anti-rat 
lgCy3 was from Chemicon International (Temecula, CA, 
USA). Cy3-conjugated goat anti-mouse IgG and Cy3 conju- 
gated goat anti-rabbit IgG was from Amersham Pharmacia 
Biotech (Piscataway, NJ, USA). Sulfo-NHS-LC-biotin and 
Immunopure Streptavidin-agarose was from Pierce 
(Rockford, IL, USA). ProteinA-agarose was from Repligen 
(Waltham, MA, USA). Peroxidase-labeled anti-mouse anti- 
body and the ECL system were from Amersham Pharmacia 
Biotech. Immobilon-P transfer membrane was from 
Millipore (Billerica, MA, USA). Rainbow molecular weight 
markers were from Bio-Rad (Hercules, CA, USA). Restriction 
enzymes were from Promega (Madison, Wl, USA) and Pfu 
DNA polymerase from Fermentas (Vilnius, Lithuania). 

Expression and purification of recombinant 
GST/LRP-tail for antibody production 

For GST/MegT fusion protein, the cDNA that encodes the 
entire megalin tail was generated via PCR from a human 
kidney cDNA library (BD Biosciences Clontech, Palo Alto, 
CA, USA) and subcloned into the GST expression vector 
pGEX-2T (Amersham Life Science). GST/Meg-tail fusion 
protein was expressed in Escherichia coli (BL21) and 
purified essentially according to the manufacturer's 
instructions (Amersham-Pharmacia Biotech) except with 
the addition of Complete™ (Boehringer Mannheim, 
Mannheim, Germany) protease inhibitor cocktail in the 
lysis buffer (PBS, 1% Triton X-100, 10mM EDTA). All the 
purified proteins were dialyzed against 50 mM Tris-HCI 
pHS.O. The megalin cytoplasmic domain was released 
from the GST fusion protein by incubation with thrombin 



(Sigma). The resulting meg-i - iscd to 

produce antibodies in rabbit. 



Construction of chimeric minireceptors 

All the constructs have the HA epitope in their amino 
termini. The construction of mLRP/LRPTmT, mLRP/ 
LRPTmMegT mLRP/LRPTmAT and the mutants mLRP/ 
LRPTmT Y29A and Y63A have already been described 
(5, 63, 64). The construct encoding the soluble form of 
the minireceptor, SmLRP, was made with mLRP/LRPTmT 
as a template and amplifying by PCR part of Its ectodomain 
between the EcoR I site and the base just before 
the sequence of the transmembrane domain. The 
3' primer includes a stop codon and a Xho I site. mLRP/ 
LRPTmT and the PCR product encoding the secreted 
ectodomain were digested with EcoR I and Xho I. 
The PCR product was ligated with the purified plasmid 
devoid of its insert. The PCR primers were SmLRP 
5': 5'-GATCGAATTCAGCTGCGCCACCAATGCCAGCA-3', 
SmLRP 3': 5'-GATCCTCGAGCTATCCTGGCTGCTGCTGG- 
CTGAAG-3'. The construction of GFPsec was performed 
by replacing the ectodomain of SmLRP (between BamH I 
and Xho I) with a DNA corresponding to GFP but 
without the initiation codons. The DNA was amplified 
by PCR using the plasmid pEGFP (ClonTech) as template. 
The 5' primer includes a BamH I site and eliminates 
the ATG from GFP and was the same for all the GFP 
constructs. The 3' primer contains the stop codon and a 
Xho I site. The sequences of the primers were: GFPsec 5': 
5'GATCGGATCCGTGAGCAAGGGCGAGGAGCT 3'. GFPsec 
3': 5'GATCCTCGAGTTACTTGTACAGCTCGTCCATGCC 3'. 
The construct GFP/MegTmT was made using a method 
similar to that used to make GFPsec but the receptor 
plasmid was mLRP/LRPTmT cut with BamH I and Xho I 
to eliminate the sequence corresponding to the minirecep- 
tor ectodomain. The GFP insert was created by PCR using 
pEGFP (ClonTech) as a template. The 3' primer contains 
the Xho I site but without a stop codon. The minireceptor 
expression construct mLRP/LRPTmT was developed 
using a strategy similar to that described previously for 
mLRP/LRPTmMegT (64), except the corresponding DNA 
fragment of megalin transmembrane and cytosolic 
domains was obtained by PCR, using a human kidney 
cDNA library (ClonTech). The primers used for the PCR 
amplification of the cDNA fragment are megalin Tm-T 5': 
5'-GATCCTCGAGGTAGCTGTGCTGTTGACAATCCTC-3' and 
megalin Tm-T 3': 5'-GATCTCTAGACTATACTTCAGAGT- 
CTTCTTTAAC A-3' . Finally, the GFP/LRPTmMegT was 
done by inserting the PCR product GFP-LRP Tm nonstop 
into the plasmid mLRP/LRPTmMegT cut with BamH I and 
Xhol, to eliminate the sequence encoding the ectodomain 
and transmembrane domains of the minireceptor. The 
resulting construct is similar to the GFP/MegTmT, 
but with the transmembrane domain of LRP instead 
of megalin. The 3' primer included the complete 
transmembrane domain of LRP and the Xho I site. 
The sequence of the 3' primer of GFP-LRP Tm nonstop 
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: FCG AG ATACCAG AATACCACTCC GG CC AC- 
GCAGCAGCAACAGCAGAGGGATTAGGA- 
TG G AG G CTATATGCTTGTACAG CTC GTCCATGCC 3' . All the 
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Cell culture and transfection 

MDCK cells (strain II) were maintained in DMEM (Life 
Technologies) supplemented with 7.5% fetal bovine 
serum (FBS) (Life Technologies) containing 100U/ml peni- 
cillin and 100mg/m! streptomycin sulfate. LLC-PK1 cells 
were grown in osMEM (Life Technologies), 10% FBS, 2 itim 
glutamine and penicillin-streptomycin. LLC-PK1 |.i1B (pro- 
vided by Dr Enrique Rodriguez-Boulan) (51) were grown in 
the same media as the wild-type cells plus 0.2mg/ml of 
G418. Clonal cell lines were derived from MDCK cells 
stably transfected with 2ng DNA by using Lipofectamine 
Plus transfection reagent (Life Technologies) according 
to the supplier's protocol, followed by 10-1 4 days of selec- 
tion with 0.8mg/mi of G418 (Life Technologies). Cells 
were screened and analyzed by Western blot, flow 
cytometry, indirect immunofluorescence or direct fluores- 
cence of GFP, as described below. Selected clones were 
maintained in the same medium plus 0.4mg/ml of G418, 

For most experiments related to polarity analysis, cells 
were plated at high density onto 12- or 24-mm Transwell 
polycarbonate filters units (0.4-jim pore size). Cells were 
grown until the transepithelial resistance reached 200- 
350 ohm/cm 2 for MDCK cells, 1 50-250 ohm/cm 2 for the 
LLC-PK1 cells, and 2500-3000 ohm/cm 2 for LLC-PK1 
expressing |.t1B, as measured with an EVOM electrometer 
(World Precision Instruments, Sarasota. FL, USA). The for- 
mation of a properly polarized monolayer of MDCK cells was 
determined by the analysis of the lateral expression of E-cad- 
herin or the apical expression of gp135, either by indirect 
immunofluorescence or by biotinylation, as was required. 

Pulse-chase and Western blot analyses of LRP, 
megalin and minireceptors 

Pulse-chase analysis of mLRP/LRPTmT, mLRP/LRPTmAT, 
mLRP/LRPTmMegT, SmLRP or GFP-MegTs stably 
expressed in MDCK cells was performed essentially as 
described (63). When tunicamycin was used, cells were 
incubated in the presence of the drug 12 h before the 
experiment (2(jg/ml) and then during depletion and pulse 
labeling (10|jg/ml). To assess the polarity of the secretion 
of the SmLRP and of GFPsec, transfected MDCK cells 
were grown on filters until they reached confluency, as 
was described. Cells were incubated twice with depletion 
medium (DMEM without methionine and cysteine) and 
then pulsed with 1 50-200 nCi of [ 35 S]methionine/cysteine 
(NEN) in 1 20 jil of medium applied to the basolateral side of 
the inverted filter (28). After 4h of chase in complete 
medium containing 10-fold increased concentrations of 
methionine (3mg/ml) and cysteine (6.5mg/ml), immuno- 
precipitations with anti-HA monoclonal antibody were 
made for the apical and basolateral media, as described 



(65). Imr 

for SmLRP, 15% for GFPsec) and the D 
autoradiography. 

For Western blotting, cells were lysed it! /sis I i,f f . i 
(phosphate-buffered saline containing 1% Triton X-100, 
containing 1 itim PMSF, 1 \ig/m\ each of pepstatin, antipain, 
leupeptin! for 30min at 4°C. Equal quantities of protein 
were subjected to SDS-PAGE under reducing conditions. 
Following transfer to polyvinylidene difluoride (PVDF) 
membrane, successive incubations with the correspond- 
ing primary antibody (anti-HA 1 : 500, anti-megalin tail 
1 :2000, anti-human LRP 1 :500, anti-gp135 1 :100, anti- 
caveolin 1 1 : 3000 and anti-E-cadherin 1 ; 1000), horseradish 
peroxidase-conjugated anti-mouse, anti-rabbit or anti-rat IgG 
(1 : 10000) were carried out for 60 mm at room temperature. 
The immunoreactive proteins were detected using the ECL 
system. 

Cell surface expression of LRP, megalin and 
minireceptors in polarized cell lines 

The cell surface distribution of the receptors was assessed 
by performing both biochemical and microscopy experi- 
ments. Cell surface biotinylation was performed at 4°C 
essentially as described (66). Briefly, the cell monolayers 
grown on filters were washed in PBSc (PBS containing 
1 mM calcium and 1 itim magnesium) and then biotinylated 
with sulfo-NHS-LC-biotin from either the apical (0.7ml) or 
basolateral (1.5 ml) chamber compartment. The chamber 
not receiving biotin was incubated with PBSc. Filters were 
incubated twice for 30min. After biotinylation steps, biotin 
was quenched by incubation with 50 itim NH 4 CI in PBSc for 
10min. Cells were lysed in ice-cold lysis buffer (150 itim 
NaCI, 20 mivi Tris, pH8.0, 5mM EDTA, 1% Triton X-100, 
0.2% BSA, and protease inhibitors). Biotinylated cell 
surface proteins were then adsorbed to streptavidin- 
agarose beads for 2h. Beads were washed and then 
the biotinylated proteins were analyzed by SDS-PAGE 
followed by immunoblotting as was described above. 

For microscopy, the cells were grown either on filters or on 
glass coverslips. The confluent monolayer was fixed in 4% 
paraformaldehyde in PBSc and then permeabilized or not 
with 0.2% Triton X-100 in PBSc. Before being incubated 
with the primary antibody, cells were blocked with 0.2% 
gelatin in PBSc. Successive incubations with the first anti- 
body and Cy3 or FITC-conjugated secondary antibody 
were carried out. After washing with 0.2% gelatin in 
PBSc and PBSc, the coverslips or filters were mounted 
with Mowoil (Calbiochem, San Diego, CA, USA) and the 
preparations were examined using a fluorescent micro- 
scope or a laser confocal microscope. For non-permeabi- 
lized cells grown on filters, the primary and secondary 
antibodies were incubated sequentially in PBS-gelatin on 
both sides of the filters. For GFP-MegT-expressing cells, 
either direct fluorescence of fixed cells or anti-HA 
immunofluorescence was performed. Immunofluorescence 
was observed and analyzed with a Zeiss laser scanning 
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< "acroscon-; . ,', . - 200 V ' i • 

LSM 5 Pdoa i t i confocal). Typically 24 serial 

steps or 12 serial images in 1- 
um steps bee ig 1 -2 urn below the focal plane of the 
i i i proceeding upward to 1-2 urn 
above the top of the monolayer. 

Targeting of the mLRP/LRPTmT to the cell surface 
in polarized MOCK cells 

The procedure followed was developed by Le Bivic as 
described (66) O r e grown on filters until con- 

fluency. They were pulse-labeled for 30min in depletion 
medium containing [ 3S S]methionine/cysteine at 37 °C and 
chased with complete medium at different times (0, 60, 90 
and 1 20 min), essentially as described (28). After the chase 
time, cells were kept in ice-cold NaHC0 3 -DMEM contain- 
ing 20 mM HEPES and 0.2% BSA and then biotinylated as 
described. The cells were lysed in PBS 1% Triton X-100 
with protease inhibitors, and the lysate was subject to 
immunoprecipitation using anti-HA antibody. The com- 
plexes were then precipitated with proteinA-sepharose for 
2h at 4°C. After washing, the immune complexes were 
dissociated by adding 10% SDS and boiling for 5 min and 
diluted with 1 ml of lysis buffer. One fifth of the sample was 
taken to measure the total label incorporation to the protein, 
and the remaining sample was centrifuged to take the 
supernatant. The biotinylated minireceptor was precipitated 
by the addition of streptavidin-Sepharose. After washing the 
beads, the labeled proteins were resolved on 6% SDS- 
PAGE under reducing conditions, dried and exposed for 
autoradiography. Densitometry analysis was carried out 
within the linear range of the film using the NIH image 
program for Windows. 

Analysis of rafts association by sucrose gradients 

Detergent-resistant membranes were isolated using a 
modification of the standard procedure (25). Briefly, cells 
grown to confluence in 100-mm plates were rinsed three 
times with PBSc and carefully scraped in PBSc. Cells were 
centrifuged in a microfuge at 2000 r. p.m. for 10 min and 
lysed for 60 min in 0.5 ml of lysis buffer TNE-T (25 mM 
Tris-HCI, 5mM EDTA, 150niM NaCI, pH7.5, 1% Triton 
X-100) with protease inhibitors at 4°C. The lysate was 
homogenized by passing the sample through a 22-gauge 
needle. The extract was finally brought to 40% sucrose in 
a final volume of 1 ml and placed at the bottom of a 5-ml 
5-35% sucrose gradient. Gradients were centrifuged in a 
Sorvall AH650 rotor at 46000 r.p.m. for 18 h. Fractions 
(0.4 ml each) were harvested from the top, and proteins 
were recovered by TCA precipitation. The TCA pellets 
were washed twice with ethanol-ether 1:1, dried and 
diluted in sample buffer. Samples were subjected to 
SDS-PAGE under reducing conditions (15% for GFP- 
MegT and caveolin, 5% for megalin and 6% for E-cadherin). 
Gels were transferred to PVDF to detect the proteins by 
Western blotting and ECL. In order to quantify the 
percentage of the protein that floats to the raft-enriched 



fractions, densitometry analysis was carried out within the 
linear range of the s ng the NIH image 

program for Windows. 
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